An in vivo rabbit model was used to study the effect of 3 hours of experimentally induced phonation on messenger RNA expression of the normal vocal fold. STUDY DESIGN: Prospective; animal model. SUBJECTS AND METHODS: Ten rabbits received experimental phonation for 3 hours, followed by 1 hour of recovery. A separate group of 5 rabbits served as no-phonation controls. We measured messenger RNA expression of matrix metalloproteinase-1, MMP-9, and interleukin-1␤ using real-time reverse-transcribed polymerase chain reaction. Gene expression ratios from phonation and control animals were assessed with the Mann-Whitney U test. RESULTS: Phonation (77 Ϯ 3 dB; 429 Ϯ 141 Hz) resulted in increased matrix metalloproteinase-1 gene expression from rabbits receiving experimental phonation compared with controls, and a nonsignificant increase in matrix metalloproteinase-9 and interleukin-1␤ gene expression. CONCLUSION: Matrix metalloproteinases play a role in maintaining tissue homeostasis. Investigation of cellular responses to experimental phonation may provide insight into how matrix metalloproteinases and other extracellular matrices contribute to maintenance of the vocal fold and development of pathology.
T he vocal fold lamina propria is an area of connective tissue with significant clinical and biological importance. Alterations in the extracellular matrix lead to dysphonia in humans, which presents a frustrating therapeutic challenge. Biologically, the vocal folds are uniquely different from tissues found elsewhere in the body because of the continuous mechanical forces acting on the tissue during vibration. Nowhere else does vibration occur naturally and regularly at frequencies of 100 to 1000 Hz. 1 It has been proposed that vocal fold tissues may develop specialized functions to withstand such mechanical stress. 1 Our laboratory has developed a rabbit model to study phonation-related molecular alterations in vivo. Our objective is to investigate the role of these potentially injurious mechanical forces on expression and turnover of the vocal fold extracellular matrix. The rabbit phonation model allows for the investigation of vibration-induced gene regulation, extracellular matrix deposition, and tissue remodeling in vivo. The purpose of our current experiment was to investigate matrix metalloproteinase (MMP)-1, MMP-9, and interleukin-1␤ (IL-1␤)-related gene expression from vocal fold tissues exposed to 3 hours of in vivo experimental induced phonation, followed by 1 hour of recovery.
Matrix metalloproteinases (MMPs) belong to a family of enzymes that play an important role during wound healing. The MMP family has been divided into subgroups on the basis of activity against various matrix components. MMP-1 is considered the prototype for all the interstitial collagenases and was the first vertebrate collagenase purified as a protein. 2 Specifically, MMP-1 is an interstitial collagenase, which catalyzes the initial step in the breakdown of fibrillar collagen types I and III. MMP-9 is a collagenase and gelatinase, which degrades basement membrane collagens as well as gelatins. 3 Connective tissues, such as vocal fold lamina propria, are maintained by the degradation and synthesis of extracellular matrix components. MMPs play an important part in maintaining tissue homeostasis, as does IL-1␤, a proinflammatory cytokine, which serves as an initiator of the inflammatory process partly through MMP induction.
Recent studies have reported altered messenger RNA (mRNA) expression of extracellular matrix-related genes from fibroblast cultures responding to various magnitudes of mechanical strain. 1, 4, 5 Such cellular responses support the idea of dynamic remodeling and suggest the need for in vivo studies to investigate phonation-induced gene regulation, extracellular matrix deposition, and tissue remodeling. The in vivo setting is crucial for study of normal physio-logical processes because it contains various cells and extracellular matrices in their native 3-dimensional environment. The in vivo environment is especially important for the study of MMP-1 because it is synthesized and secreted in a latent form and can be activated by other proteases. Confirmation of phonation-induced changes in gene expression and tissue protein levels in vivo may provide evidence for modern-day opinion that the vocal folds undergo a process of dynamic tissue remodeling as mechanical forces act on the tissue during vibration. Our laboratory has been using an in vivo rabbit model to study phonation-related molecular alterations. The rabbit is an ideal model because it shares similarities with humans in terms of vocal fold extracellular matrix components, and it is a quiet animal, which allows increased control over nonexperimental vocalization. This level of control is difficult to achieve in vocalizing animals such as dogs, pigs, and rats, which require nerve injury to prohibit voice use outside of the laboratory setting. In the following study, we tested the null hypothesis that the population distribution functions for MMP-1, MMP-9, and IL-1␤ gene expression were identical against the alternative hypothesis that they differ by location from rabbits receiving experimentally induced phonation and control rabbits.
METHODS
Fifteen New Zealand White breeder rabbits weighing 3 to 5 kg were involved in this study. Induction of anesthesia was achieved with ketamine 35 mg/kg, xylazine 5 mg/kg, and acepromazine 0.75 mg/kg administered intramuscularly. Heart rate, temperature, and oxygen saturation levels were monitored throughout the experiment to monitor the animal's state of anesthesia and general well-being. Subsequent intramuscular injections of ketamine (17.5 mg/kg) and acepromazine (0.375 mg/kg) were provided as needed to maintain a surgical anesthetic plane.
Animals were placed supine on an operating platform. The neck was shaved and prepped for surgery. The larynx and trachea were exposed by using a midline neck incision extending from the hyoid bone to the sternal notch. An endotracheal tube was inserted via a low tracheotomy approximately 3.5 cm below the cricoid cartilage for spontaneous respiration, and a cuffed endotracheal tube (RUSCh, Kernen, Germany) was positioned to rest approximately 2 cm below the glottis to deliver airflow through the glottis. The cuff of this tube was inflated to seal off the trachea. Custom bipolar, stainless steel, hooked wire electrodes were inserted mediolaterally into the cricothyroid muscle. A flowmeter (Barnant, Barrington, IL) and Concha Therm III humidifier (Hudson, RCI, Temecula, CA) were used to deliver compressed humidified air heated to 37 o C through the glottis.
A Grass S-88 stimulator (SA Instrumentation, Encinitas, CA) and constant current isolation unit (Grass Telefactor, model PSIU6; West Warwick, RI) were used to provide electrical stimulation to the cricothyroid muscle at 50 Hz, with 4 mA current, for 1-ms pulse duration. The total train duration was 5 seconds (2 seconds on; 3 seconds off). These stimulation settings were established from our previous work involving the in vivo phonation model (B.R. et al, unpublished data, submitted manuscript, 2007).
Phonation was produced by continuous airflow delivered at a rate of 143 cm 3 /s. This variable remained constant throughout the experiment. A pressure transducer located approximately 2 cm below the glottal aperture was used to record subglottal air pressure. Acoustic signals were recorded and amplified with a single-channel audio mixer (Shure M267; Niles, IL) coupled to a frequency counter (Global Specialties, Model 6002, Chesire, CT) and acquired using a data acquisition system (DATAQ Model 720, DATAQ Instruments, Akron, OH).
Ten animals received experimentally induced phonation (cricothyroid stimulation and airflow) for 3 hours, followed by 1 hour of recovery (no stimulation; no airflow). A separate group of 5 rabbits served as no-phonation controls. Control rabbits received cricothyroid stimulation for 3 hours in the absence of airflow, followed by 1 hour of recovery (no stimulation). As a result, surgical procedures were similar for both groups and phonation was the only variable manipulated. The 1-hour recovery period was used to standardize tissue collection across all animals involved in the study.
This study was performed in accordance with the PHS Policy on Humane Care and Use of Laboratory Animals, the NIH Guide for the Care and Use of Laboratory Animals, and the Animal Welfare Act (7 USC et seq); the animal use protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University.
Real-Time Reverse Transcribed-Polymerase Chain Reaction
We measured the effects of 3 hours of experimentally induced phonation followed by 1 hour of recovery on mRNA expression of MMP-1, MMP-9, and IL-1␤ in the vocal fold using real-time reverse transcribed-polymerase chain reaction. A 1-mm tissue specimen of lamina propria was obtained superficially from the middle one-third portion of the vocal fold bilaterally from experimental and control animals, immediately following the 1-hour recovery period. Specimens were immediately submerged in RNAlater Stabilization Reagent (QIAGEN Inc, Valencia, CA), incubated at 4°C overnight, and stored at -80°C until extraction. Animals were euthanized without recovery from anesthesia after collection of specimens.
Tissue specimens were placed in 120-mg zirconia/silica beads (1-mm diameter) and homogenized at 4800 rpm for 90 seconds with the use of a Mini-Beadbeater homogenizer (BioSpec Products, Inc, Bartlesville, OK). We extracted mRNA from tissue specimens using the RNeasy® Fibrous Tissue Mini Kit (QIAGEN Inc) and treated the specimens with ribonuclease-free deoxyribonuclease I (QIAGEN Inc) to minimize contamination from genomic DNA. Samples of mRNA were stored at -80°C. Reverse transcription was performed with the iScript TM cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's recommended reaction protocol.
We used the iQ TM SyBR Green Supermix Kit (Invitrogen Corp., Carlsbad, CA) to perform real-time PCR in a 50-L volume reaction mixture composed of 500 nmol/L primer 1, 500 nmol/L primer 2, 25 L iQ SyBR Green Supermix and 1.2 L template complementary DNA ribonuclease-free water. Rabbit-specific primers were used for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), MMP-1, MMP-9, and IL-1␤. The detailed forward and reverse primer sequences and the size of products are summarized in Table 1 . PCR was performed under the following conditions: 1 cycle at 95°C for 15 min, followed by 50 cycles at 95°C for 30 seconds, 58°C for 60 seconds, 72°C for 60 seconds, and 1 cycle at 50°C to 95°C in 0.5°C increments to make a melting curve. 6 Fifteen specimens were analyzed randomly. PCR measurement was repeated 2 times per specimen. Analyses were performed in a blinded fashion, such that the examiner was blinded to animal identification and group assignment. We used the iCycler iQ Real-time PCR Detection System (Bio-Rad) to detect the PCR products.
Relative quantitative gene expression was determined by the ratio of target gene concentration to the internal control GAPDH. 7 For PCR-negative control samples, primers were not added during PCR. PCR products were separated by electrophoresis in 2.5-percent agarose gels containing 0.5 g/mL ethidium bromide to verify PCR products according to fragment size.
Statistical Analysis
Gene expression ratios from phonation and control groups were assessed with the Mann Whitney U rank sum test for 2 independent samples. 8 We tested the null hypothesis that the population distribution functions for gene expression ratios were identical against the alternative hypothesis that they differ by location. The threshold for significance was set to P Ͻ 0.05. Analyses were performed with the use of 2-tailed P values. Data were analyzed with the use of SPSS, version 15.0 for Windows (SPSS, Inc, Chicago, IL).
RESULTS
Log-transformed expression ratios were compared between the phonation and control groups (Table 2) with the use of the Mann Whitney U 2-sample rank sum test for the variables MMP-1, MMP-9, and IL-1␤. Figure 1 shows significantly increased MMP-1 gene expression from rabbits receiving experimental phonation compared with control rabbits (mean (SD), Ϫ2.0336 (0.45723) vs Ϫ3.5089 (0.81638), respectively, P ϭ 0.004). Figure 2 reveals a nonsignificant increase in MMP-9 gene expression from experimental versus controls (mean (SD), Ϫ2.3625 (0.91368) vs Ϫ3.8245 (1.1040), respectively, P ϭ 0.075). Figure 3 shows a nonsignificant increase in IL-1␤ gene expression from rabbits receiving experimental phonation compared with control rabbits (mean (SD), Ϫ0.5267 (0.61870) vs Ϫ1.7439 (1.2622), respectively, P ϭ 0.075).
DISCUSSION
Connective tissue is maintained as a balance between synthesis and degradation of matrix components. Both processes are tightly regulated to allow for normal function of tissue. Degradation of connective tissue occurs during inflammatory processes, such as after injury from mechanical stress, and is controlled by MMPs and tissue inhibitors of MMPs. MMP-1 is a multifunctional molecule involved in the turnover of collagen in the extracellular matrix as well as the cleavage of nonmatrix substances and cell-surface molecules. 2 MMP-1 is 1 of only 4 members of the MMP family capable of degrading fibrillar collagens in their triple helical domain. 2 Thermally unstable collagens degraded by MMP-1 unwind to form gelatin, which can be further degraded by other MMPs. MMP-1 can also act on and regulate the function of other biologically active molecules, such as fibroblast growth factor, by cleaving the proteoglycan perlecan, demonstrating its significant role during physiological tissue remodeling, and revealing the importance of studying these processes in vivo. 9 MMP-1 is undetectable in normal resting tissues. However, expression is increased during physiological and pathological tissue remodeling in vivo. 10 Regulation of Table 1 Primer sequences
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Figure 1
Log-transformed matrix metalloproteinase-1 (MMP-1) gene expression ratios for phonation (1) and control (2) groups. Results revealed increased MMP-1 gene expression from rabbits receiving experimentally induced phonation compared with controls (mean (SD): Ϫ2.0336 (0.45723) vs Ϫ3.5089 (0.81638), respectively, P ϭ 0.004).
Figure 2
Log-transformed matrix metalloproteinase-9 (MMP-9) gene expression ratios for phonation (1) and control (2) groups.
Results revealed a nonsignificant increase in MMP-9 gene expression from rabbits receiving experimentally induced phonation compared with controls (mean (SD): Ϫ2.3625 (0.91368) vs.
Ϫ3.8245 (1.1040), respectively, P ϭ 0.075).
lamina propria in rabbits receiving 3 hours of experimentally induced phonation followed by 1 hour of recovery. Findings of increased MMP-1 gene expression from in vivo phonation are in agreement with similar findings of increased MMP-1 gene expression from in vitro fibroblast cultures exposed to 100-Hz vibratory strain for 6 hours using a novel bioreactor. 1 In the current study using an in vivo rabbit phonation model, experimentally induced phonation (77 Ϯ 3 dB; 429 Ϯ 141 Hz) resulted in an increase of MMP-1 gene expression in the normal vocal fold lamina propria. These data are the first to demonstrate phonationassociated MMP-1 gene alterations in vivo using physiological animal preparation and to provide evidence that prolonged phonation within a physiological range of human voice production (77 Ϯ 3 dB; 429 Ϯ 141 Hz), results in an upregulation of MMP-1 gene expression in normal vocal fold lamina propria. These data are consistent with studies revealing elevated expression of MMP during system disturbance, such as during wound healing and in response to injury. 2 MMP-9, a gelatinase, plays a key role in extracellular matrix remodeling and is involved in a number of biological processes, such as bone growth, skin wound healing, sinusitis, asthma, and colitis. MMP-9 displays a broad spectrum of activity against various extracellular matrix components including denatured collagens (gelatins), type IV collagen, type V collagen, and elastin. Expression of MMP-9 is maximally upregulated 24 to 72 hours after wounding, followed by a return to near baseline levels after reepithelializa-tion. 11, 12 MMP-9 upregulation is linked to postinjury inflammation and epithelial migration. 12 The development of vocal pathology may be attributed to a disruption in the normal balance of matrix synthesis, deposition, and degradation. Interestingly, Karahan et al 13 have revealed increased tissue levels of MMP-9 in stromal vascular walls and spindle cells from human vocal fold polyps removed after microlaryngeal surgery. In addition, Courey et al 14 have reported less staining of collagen type IV in the basement membrane zone of lesions clinically diagnosed as polyps compared with lesions diagnosed as nodules, which are characterized by a thickened band of collagen type IV around the basement membrane. 15 Results of the current experiment revealed a nonsignificant increase in MMP-9 gene expression from rabbits receiving 3 hours of experimentally induced phonation followed by 1 hour of recovery, compared with control. In other tissues, increased MMP-9 expression has been associated with low levels of collagen during the remodeling phase of wound repair and may be linked to decreased scar formation. 16 Findings have led some to believe that increased MMP-9 expression may play an important role during scarless tissue healing given that rapid degradation of collagen may be necessary to prevent scar formation. 17 Accordingly, MMP-9 gene transcription may play a significant physiological role in vocal fold extracellular matrix remodeling, regulation of the vocal fold inflammatory response, and prevention of pathology. In light of findings of increased MMP-9 in vocal fold polyps, it would be interesting to investigate the role of MMP-9 in minimizing abnormal matrix accumulation in the vocal fold. Phonation-associated alterations in MMP-9 expression may be a factor in minimizing the excess accumulation of collagen during the development of vocal fold pathology. Measurement of gene expression and tissue protein levels from a large cohort will be necessary in future experiments to test this hypothesis.
IL-1␤ is a cytokine that is proinflammatory and is secreted by macrophages, monocytes, and epithelial cells during injury. IL-1␤ levels are increased from vocal fold surface secretions during acute vocal fold injury, with maximal expression 1 day postinjury. 18 There has also been a case report showing strong shifts of IL-1␤ levels from surface secretions obtained from the vocal fold in a human subject following intense vocal loading. 19 Results from the current experiment revealed a nonsignificant increase in IL-1␤ gene expression from normal vocal fold lamina propria in rabbits exposed to 3 hours of experimentally induced phonation followed by 1 hour of recovery. It is possible that IL-1␤ gene expression may have stabilized during the 1-hour recovery period, thus eliminating differences in mRNA levels. This effect would be advantageous from a tissue injury standpoint because stabilization of IL-1␤ may help attenuate the inflammatory response and minimize excessive matrix accumulation. One could speculate that a reduced inflammatory response may prevent some vocal over users from developing voice problems. Considering that reduced inflammation is associated with scarless fetal wound repair, 20 we think that tight control of the inflammatory cascade in normal vocal fold lamina propria may be an essential homeostatic mechanism for minimizing vocal fold injury.
One possible drawback of our study is that we did not compute power a priori, which opens the possibility of committing a type II error in those hypotheses we failed to reject. In light of the borderline P values obtained for MMP-9 and IL-1␤, this possibility cannot be dismissed, although the fact that significance was obtained for MMP-1 suggests that power was adequate for at least this response. We did not compute power post hoc because of its known limitations. 21, 22 Although increased gene expression was found for MMP-1, it should be noted that pre-and post-translation events may differ. Therefore, measurement of tissue levels is important to determine whether increased gene expression results in increased MMP-1 levels in tissue, and whether this increase translates into a reduction of tissue collagen. This is a logical extension of this work and additional studies using the in vivo phonation model will be necessary to determine the expression and deposition of MMP, tissue inhibitors of MMP, as well as structural glycoproteins and fibrous proteins.
